The authors investigated, by femtosecond pump-probe measurements, the effects on Auger and trapping processes of excitation resonant ͑R͒ to the 1S absorption in CdSe nanorods. They demonstrate that R pumping allows one to avoid exciton trapping in high energy defect states and that the presence of empty defect states leads to an enhancement of the Auger relaxation, with respect to the pumping at energies high above the band gap. Moreover, they show that, despite the Auger enhancement, R pumping increases the stimulated emission lifetime demonstrating that it is not limited by Auger scattering, as widely believed, but by photoabsorption processes, involving defect states. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2776847͔
Colloidal semiconductor CdSe nanocrystals have been intensively investigated over recent years because of their interesting electrical and optical properties, which strongly depend on size and shape.
1, 2 In particular, dots and rods are of great interest as novel materials for different optoelectronic devices such as light emitting diodes, 3, 4 photovoltaic devices, 5, 6 and lasers. [7] [8] [9] [10] The quantization of electronic and phonon energies and the large surface-to-volume ratio, in these nanostructures, strongly modify the energy relaxation mechanisms with respect to the bulk material. In particular, the Auger effects play a central role in multicarrier relaxation in quantum dots and rods. [11] [12] [13] [14] [15] [16] To date, the Auger effects on the nanocrystal relaxation dynamics have been investigated by pump and probe and time-resolved photoluminescence spectroscopies, pumping the samples at energies larger than the 1S absorption one. These measurements showed that the Auger effects prevent the intraband phonon bottleneck 17 but Auger heating reduces the intraband carrier cooling rates. 16 Furthermore it has been reported that the fast nonradiative excited state relaxation due to Auger effects results the main obstacle for the opticalgain development, 7, 18 which is a fundamental process to obtain lasing from nanocrystals. Despite the importance of Auger effects in the nanocrystal photophysics to date, the investigation of Auger process in sample pumped resonantly to the 1S absorption is very limited. Very recently Auger relaxation has been observed in resonantly pumped CdSe quantum dots in degenerate pump and probe experiments with resonant ͑R͒ pumping, but the pumping energy dependence of the Auger effects on the stimulated emission has not been investigated. 19 In this work we investigated the effects of pumping resonant with the 1S absorption on the relaxation processes of CdSe core nanorods. We demonstrate that in the low excitation regime R pumping allows us to avoid exciton trapping in high energy defect states. Moreover, we show that R pumping results in an increased Auger rate, with respect to nonresonant ͑NR͒ pumping, 20 due to the contribution of the empty high energy defect states in this process. Quite interesting we also demonstrate that, despite the Auger rate increase, the stimulated emission lifetime ͑SE͒ is increased by R pumping, clearly suggesting that the SE lifetime is not limited by Auger relaxation, 7, 18 as usually reported, but by defects related photoinduced absorption.
Core CdSe nanorods, investigated in this work, were prepared following the procedure described in Ref. 2 . The investigated nanoparticles have a length of 22 nm and a width of 3.5 nm, with size dispersions of 14% and 17% for length and width, respectively, evaluated from transmission electron microscopy images.
Continuous wave absorption and photoluminescence ͑PL͒ spectra were recorded by Variant-Cary UV-Vis 500 spectrophotometer and by Variant-Cary Eclipse fluorescence spectrometer, respectively. The experimental setup for time resolved pump-probe spectroscopy is based on an amplified a͒ Author to whom correspondence should be addressed; electronic mail: arianna.creti@le.imm.cnr.it Ti:sapphire laser which provides 150 fs, 750 J pulses at 780 nm, with 1 kHz repetition rate. The output beam is split in two parts: one produces the large spectrum probe by white supercontinuum generation in a 2-mm-thick sapphire plate and the other is used as the pump exploiting second harmonic generation for NR pumping ͑3.18 eV͒ or parametric amplification in a noncollinear optical parametric amplifier tuned to 2.17 eV for R pumping. In the probe path we use only reflecting optics to minimize frequency chirp effect. Normalized ⌬T / T spectra were recorded by an optical multichannel analyzer and the temporal evolution of ⌬T / T was recorded using standard lock-in technique and 10 nm bandwidth interference filters. To eliminate directional and rotational influences of the signal, we performed the ⌬T / T experiments with pump and probe polarizations at the magic angle ͑54.7°͒. All experiments were performed at room temperature with the nanorods dispersed in chloroform solution. Figure 1 shows the absorption ͑abs͒ and PL spectra of CdSe core nanorods. We can observe that the first abs maximum ͑1S transition͒ lies at 2.21 eV and PL maximum results Stokes shifted of about 60 meV, with respect to the abs one. 21 Figure 1 also shows the differential transmission spectrum recorded 4 ps after excitation with 90 fs pulses. The excitation was carried out with R pumping, with a pump fluence of 160 J/cm 2 , corresponding to initial quantum rods population of few e-h pairs per quantum rods on average. 22 In the differential transmission ⌬T / T spectrum we can observe one bleaching band due to state filling effects, with a full width at half maximum comparable with the one of the abs and PL spectra. Moreover, a region of positive ⌬T / T signal is visible at low energy in the emission region due to SE.
Finally in the high energy range of the differential transmission spectrum ͑larger than 2.3 eV͒, the ⌬T / T signal is much smaller than the expected absorption bleaching, indicating the presence of photoinduced absorption ͑PA͒ spectrally overlapped to the bleaching signal.
In order to clarify the effects of R pumping in the excitons relaxation mechanisms, we performed time-resolved differential transmission ⌬T / T measurements at different probe energies in the region of bleaching and SE signal.
The pump fluence dependence of the bleaching dynamic of core sample, recorded at 2.29 eV with a R pumping energy, is reported in Fig. 2 . The bleaching dynamic recorded at 2.21 eV ͑open squares͒, with a NR pumping energy ͑3.18 eV͒, is also shown for comparison.
The comparison between the multiexponential best fit of the decay traces of the bleaching signal under R and NR excitations allows us to observe the following.
͑a͒ At high pump fluence, the same relaxation processes are present under R and NR pumpings, as indicated by the close similarity of the best fit decay times ͑see Table I͒ . These decay times have been attributed 20 to trapping in the midgap ͑ 1 R ͒, relaxation from the emitting states ͑ 2 R ͒, Auger process ͑ 3 R ͒, and relaxation from the defect states at high energy ͑ 4 R ͒. ͑b͒ When the excitation density is decreased, the long decay time 4 R due to relaxation from the defect states at high energy is not present under R pumping, indicating that these defect states are empty. At the same time the time constant 3 R is observed only with R pumping and it increases, as expected, due to the Auger reduction.
We then conclude that resonant pumping allows us to avoid the direct trapping of carrierss at high energy defect states, while the presence of trapped carriers, even under resonant pumping at high excitation density, suggests the presence of a defect states population mediated by some excitation density dependent process.
In order to investigate the excitation energy dependence of the Auger process it is important to observe that the average number of photoexcited excitons ͗N 0 ͘ is, at any pump fluence, about two times smaller under R rather than NR pumping ͑1.5 vs 4͒. 22 As a consequence, as the Auger lifetime under R pumping and high pump fluence is similar to the one obtained under NR pumping, despite the smaller value of ͗N 0 ͘, we conclude that R pumping also results in an increase of the Auger efficiency. This Auger enhancement, together with the observed strong excitation density depen- dence of the defects population, clearly suggests that the surface defect states can be involved in the Auger process. Actually the main difference between the R and NR cases is that, in the first ps after the pump pulse, the surface defect states at high energy result, respectively, in empty and filled states ͓see Fig. 3͑a͔͒ . As a consequence, when the excitation density is increased leading to a non-negligible Auger rate, the carriers can be scattered in high energy defect states only under R pumping. Under NR pumping, on the contrary, these defect states are filled, thus reducing the number of available states for the scattered carriers and then decreasing the Auger rate for a given ͗N 0 ͘ ͓see Fig. 3͑b͔͒ .
Finally, as nonradiative Auger recombination is generally considered the dominant decay channel of optical gain in nanocrystals, 7 we have also investigated the effects of R pumping also in the range of the spectrum where SE is observed. We observe that the SE signal at the probe energy of 2.03 eV shows the same relaxation processes observed in the case of NR pumping, namely, relaxation from the emitting exciton state 2 R and Auger recombination 3 R . In order to determine how long, after the pump pulses, the SE signal is stronger than the PA one, we normalized the ⌬T / T signal at 2.03 eV with respect to the bleaching signal recorded at 2.29 eV. As long as this ratio is higher than the ratio between linear abs at the same energies, SE is stronger than PA ͑see Ref. 20͒. Quite surprisingly we observe that in the resonantly pumped samples, the obtained SE lifetime ͑see Fig. 4͒ is longer ͑ϳ70 vs ϳ40 ps͒ than the one achieved in the case of NR pumping ͑shown in the inset of Fig. 4͒ , despite the observed increase of the Auger efficiency. This result suggests that, in core quantum rods, the main obstacle to sustain SE signal is not Auger recombination, as generally believed, but defects related photoinduced absorptions in the sample emission region.
In conclusion, we have studied the effects of R pumping on the ultrafast relaxation dynamics in core nanorods. We demonstrated that the Auger processes strongly depend on nonintrinsic states and, in particular, that they involve defect states lying at high energies. Furthermore, we have observed that, despite the increased Auger efficiency, the SE lifetime results enhanced in the case of R pumping, with respect to the one of NR pumping. This is due to the reduction in PA processes involving the defect states and indicates that the main obstacle to SE processes is defect related PA processes, rather than Auger ones which are usually reported. 
